Introduction
The clinical entity of chronic obstructive pulmonary disease (COPD), one of the progressive and largely irreversible airflow obstruction in the middle and late ages, is predominantly a disease of cigarette smokers. This relationship was established in a series of workplacebased studies directed by Charles Fletcher and Peto in the UK, 1 and has subsequently been confirmed in numerous population-based studies in other countries. Indeed, it is claimed that in high-income countries 75% of cases of and deaths from COPD are directly attributable to smoking, 2 and some have gone as far as stating that it 'is probably the only chronic disease for which the finger of blame can be pointed at a single risk factor-tobacco smoking'. 3 While it would be dangerous to deflect attention away from those who manufacture and sell cigarettes, it is important to recognize that there are other likely causes of the disease that require attention. Contemporary studies of lung function, using standardized spirometry in representative populations, suggest that the international variation in the prevalence of COPD cannot be explained solely by differential rates of smoking in the community. 4 Thus, it is suggested, other factors must be aetiologically important, alone or in concert with smoking. Among these have been included exposures to irritant agents in workplace air.
The symptoms of COPD are not specific and the disease, certainly in its early stages, produces few if any characteristic signs. Thus, in the absence of quantitative measures of pulmonary function and of radiology, it is essentially impossible to distinguish it from other, longlatency respiratory diseases in which the primary symptom is breathlessness on exertion. This is particularly the case in settings where other such diseases may be relatively common. Charles Thackrah 5 made detailed observations of respiratory symptoms among employees in a very diverse range of trades in 19th century England and even practised what may be the first ever attempt at pre-employment screening of lung function, measured with a 'pulmometer' in a population of Light Dragoons; but it remains impossible to know whether he was describing, as seems likely, what we now recognize as diseases specific to certain occupations ( predominantly, it seems, silicosis and byssinosis). Curiously, John Hutchinson, the inventor of the spirometer in 1846 reported that although he could relate lung function under tidal breathing ('vital capacity') to height and, more weakly, to age in 1200 men, he found no effect of occupational exposures. 6 
Defining and recognising COPD
In the absence of any clinical specificity, it fell to the anatomists to provide the first descriptions of a condition that we would recognize today as characteristic of (much) COPD. In 1691, Frederik Ruysch 7 the Dutch anatomist and curator, reported among a series of post-mortem specimens he later sold to Peter the Great, a case of what was probably emphysema in conjunction with severe and irreversible airway narrowing. It has been claimed, on the basis of a high prevalence of apparent emphysema in autopsy series reported in the 18th and 19th centuries, that COPD was common in Europe well before cigarette smoking became prevalent, 8 but in reality it is difficult to know how far these observations were an artefact of contemporary methods of preservation after death. Nonetheless and fittingly, it is in the same context-that of the 9th Emphysema Conference in Aspen, Colorado in 1966-that the term 'chronic obstructive pulmonary disease' was first used by William Briscoe. 9 By that time the confluence of limitation of airflow through the bronchial tree that, in contrast to asthma, is largely irreversible and generally progressive, of chronic sputum production and, often, of pathological emphysema was clear and an encompassing term was a useful advance.
More recently, for both epidemiological and clinical purposes, the definition of COPD has moved to one that is based almost entirely on spirometric measurements of FEV 1 and FVC made after the use of a short-acting, bronchodilating inhaler. 10 Based on a series of fixed 'cut-offs' expressed as percentages of 'predicted' values derived from surveys of more or less normal populations, the disease is categorized into several degrees of increasing severity. This shift has had profound implications. First, the recognition of the disease now strictly requires the use of lung function measurements; second, it is apparent that there is a large proportion of 'disease' that is asymptomatic and thus otherwise unrecognized; third, a far higher proportion of persons exposed to the causes of COPD appear to have the condition than was formerly believed; 11 and fourth, the global market for a condition that was previously of little interest to the pharmaceutical industry has grown enormously.
The use of fixed cut-offs has been criticized as being arithmetically inept because the variability of lung function measurements is not proportional to their predicted values based on an individual's age, sex and height. A consequence is that definitions of abnormality based on fixed cut-off values will misclassify a proportion of those whose measurements are outside the mid-range of expected values; and, importantly, will artefactually increase the prevalence of airflow limitation (FEV 1 /FVC ,0.70) in older persons since the expected ratio declines with age. 12 More appropriate is the use of 'lower limits of normal (LLN)' based, for example, on the 5th percentile of the approximately normal distribution of expected values of lung function. 13 In studies of populations where the prior probability of abnormal lung function is low-as in many contemporary occupational settings-it has even been argued that a more stringent (2.5th) percentile is appropriate to reduce the number of false-positive findings in older participants.
Approaches to the study of occupational COPD
Broadly, studies in this area are divisible into those that examine particular workforces or industries, with relatively homogenous exposure(s) and those of 'community' populations with diverse occupations and hence exposures. The former have the advantage, when at their best, of sufficiently large numbers and detailed information on exposure to workplace agents and important confounders. Perhaps more even than in most occupational studies, longitudinal data are preferable because they allow the prospective identification of exposed workers who have accelerated declines in lung function irrespective of where their measurements are in relation to normal ranges (see above). In practice, the majority of such studies have been cross-sectional in design and so open to concerns over cause and effect arising, for example, from healthy worker effects.
Studies based in general populations have been of two sorts: the few that have examined, within their confines, the role of particular occupations and the larger number that have used exposure estimates derived from self-reports or, less commonly, expert judgement. These approaches have the advantage of more readily allowing an assessment of the total 'burden' of occupational exposures in a population, a feature that has been heavily emphasized in the many reviews of this field. Indeed, the enthusiastic use of 'population attributable risks' (PAR) is a striking feature of the relevant literature. The first, and most cited, systematic review 14 is replete with references to this index, as is its successor 15 in which the term is used 52 times. While not wishing to diminish any important public health message, it is worth noting that the value of PAR estimates lies in those that relate to exposures that are definitively causal and are thus, conceptually, amenable to prevention; as will be seen later, a second striking feature of the relevant literature is its relatively uncritical approach to the distinction between association and cause.
It is not possible, in the space of this review, to discuss in any detail the extensive, industry-based literature but a summary of the areas of agreement is provided below with a discussion of areas that would benefit from further research. More attention will be paid to studies of occupational COPD in general populations, particularly those focused on non-specific exposures to irritant agents in workplace air. Here, despite a large number of published studies, there is considerable remaining uncertainty and a detailed discussion of the areas of doubt is provided. The sources of data are largely drawn from previous reviews with supplementary material that was either not included in them or has been published subsequently.
Studies of particular workforces or exposures: areas of agreement and areas of uncertainty
There is a large literature that describes the rates of COPD-variously defined-in different occupational groups. It is well reviewed elsewhere 16, 17 and, usefully, by a recent, Danish collective 18 that focused on studies that used spirometry in their outcome definitions. Although a very wide variety of occupations have been studied in this way, for most the number of relevant studies is limited and the evidence remains inconclusive.
Coal mining is one exception. Here the numbers available for study tend to be large and advantage can be taken of the routine pulmonary surveillance offered in many countries. Thus, for example, Marine et al. 19 examined the information collected from 3400 British miners over a 10-year period. Using detailed measurements of coal mine dust they demonstrated an exposure-related increase in the risk of FEV 1 reduction that was independent of smoking and eventually became the basis for the current statutory compensation offered to coal miners with COPD in the UK. Similar findings have been reported in US miners. 20 Less clear, despite plenty of research investment, is the evidence relating to some other large, occupational groups. The extensive crosssectional literature on welding fume, for example, remains difficult to interpret-largely because of concerns that studies of this design preferentially include relatively healthy employees-but a recent review of the available longitudinal studies suggests a small increase in the rate of FEV 1 decline among welders in comparison to referent trades, a risk that may be confined to those welders who smoke. 21 Grain handlers, too, appear to have an increased risk of airflow obstruction, with perhaps a similar interaction with smoking. 22, 23 For the wider group of agricultural workers, including farmers, the evidence is less clear perhaps because of the diversity of both organic and inorganic exposures encountered in such work. 24 -27 Underground miners and others who work with crystalline silica probably face an increased risk of airflow obstruction that is independent of radiological silicosis and potentiated by cigarette smoking. 28 Those exposed to textile dustsnotably cotton-have long been recognized as at risk for the development of obstructive lung diseases perhaps greatest in those with symptoms of byssinosis and possibly induced by exposures to endotoxin; 29 -31 much recent work in this setting has been done in Chinese factories. Although the evidence base is small, there is convincing evidence that exposure to cadmium fume (in, for example, the disposal
Occupation and chronic obstructive pulmonary disease (COPD)
British Medical Bulletin 2012;104 of batteries) increases, in a dose-dependent manner, the risk of COPD, through the induction of pulmonary emphysema. 32 For some other important occupational groups or specific exposures the evidence is less certain, in some cases perhaps because they entail well-known risks of other types of respiratory disease. Among these are included exposure to diisocyanates for which the evidence is inconsistent, 33, 34 coke oven workers exposed to polycyclic aromatic hydrocarbons, 35 work with asbestos 36 and iron/steel processing. 37 Recently, interest has grown in the effects of diesel fume, a common exposure in the transport, construction and mining sectors. 38 
Studies in general populations: areas of controversy
Studies of general populations have formed the basis of most recent reviews of occupational COPD and are the source of claims that 15% of COPD (and of chronic bronchitis) can be attributed to 'work-related' factors. 15 The majority of the studies that have contributed to such meta-analysis have used measures of exposure derived from self-reports of work with airborne irritants, usually expressed as some combination of 'vapours, gases, dusts or fumes' (VGDF); less often, expert judgement of the same has been employed, with or without the use of explicit job exposure matrices (JEM) developed specifically for the disease.
Sources of potential error
Before examining these studies in detail, it is worth rehearsing here the potential for bias and other errors which are several-and in some cases applicable both to studies of general populations and of particular occupational groups. † Confounding by smoking: smoking is believed to be the predominant cause of COPD and requires consideration in any study of other potential aetiologies. In the occupational setting, confounding will arise if smoking habits are related to employment in jobs where there is exposure to, for example, VGDF. The extent of such confounding has been examined most closely within the field of occupational lung cancer. Perhaps unsurprisingly there are substantial differences in smoking rates between blue and white collar workers 39 and close relationships between smoking habits and exposure to a range of occupational hazards. 40 Axelson 41 , in the application of data such as these and through the use of simple models, has suggested however that risk ratios from smoking in occupational studies would rarely be .1.5. While this provides some reassurance in the study of occupational carcinogens, where risk estimates are generally higher, the same may not be true for COPD, especially where, as is usually the case, estimates have been derived from comparisons with office workers. In any case, it confirms the importance of detailed measurements of (lifetime) smoking habits. † Other confounders: far less attention has been paid to other potential confounders of the relationship between occupation and lung function, largely because the available information is seldom if ever available. There is good evidence that adult lung function is related to states and events in early life such as birth weight and respiratory infections in infancy which are, respectively, positively and negatively associated with FEV 1 in adulthood. More generally, socio-economic position across a life course appears to determine lung function decline, even in early middle age, 42 a relationship that may intimately-and perhaps irrevocably-confound any association with occupational exposures. Unsurprisingly, factors such as these have received little attention in community-based studies of occupational COPD although some authors have used a probable, non-occupational surrogate for socio-economic status in adjusted analyses. 43 ,44 † Exposure-response and latency: by analogy with cigarette smoking, generic occupational exposures to VGDF as a cause of COPD are likely to have an effect that is related directly to cumulative exposure with a latent period of many years. Consequently, the examination of these issues would lend important weight to any causal argument. A high proportion of studies, however, have failed to report this information and in those that have the information is in most cases unconvincing (see below). Most but not all 44 -47 have been of cross-sectional design with exposure estimates based on the current or longest-held job with the attendant concerns over 'healthy worker' effects. † Self-reported exposures: self-reported exposures are relatively easy to obtain in epidemiological studies. The accuracy of self-reports of occupational exposure to VGDF has been questioned but while there is certainly some resultant misclassification of exposure, its extent seems to be limited. Table 1 , for example, summarizes information derived from a survey of the self-reported working conditions of around 2200 men and women employed in the UK. 48 Those who reported that they had ever been 'exposed to breathing fumes, dusts or other harmful substances at work' were significantly more likely to be employed in occupations where such exposures are plausible; the converse was also true, lending some face validity to the exposure measurement. Similar findings have been described in other settings. 49, 50 While it is reassuring that the extent of any random misclassification is probably limited, the proper concern is over systematic error or bias. Worryingly, there is, in studies of asthma and other respiratory conditions, evidence that the discrepancy between self-reported exposures and a more objective assessment is greater among those with than without disease. 51, 52 Differential exposure misclassification of this sort usually leads to a bias away from the null, as reflected in studies where risks measured with self-reported exposure are not apparent for those Occupation and chronic obstructive pulmonary disease (COPD)
British Medical Bulletin 2012;104 assessed more objectively. As with other sources of bias, the extent of any discrepancy arising in this way may be limited but is nonetheless important in studies where risk estimates are generally low. † Job-exposure matrices (JEM): it is claimed, with some justification, that the use of JEMs or other expert approaches reduces any bias arising from self-reported exposures since job title is believed to be less subject to distorted recall. In the study of occupational COPD, most JEM-based studies have used one of two disease-specific matrices, the first developed for studies in Europe ('ALOHA') using job titles from the International Standard Classification of Occupations, the second for studies of US populations developed by Blanc et al. These have each proved to be valuable tools but it is worth noting that both closely resemble matrices used for the study of occupational asthma-a disease that largely arises from exposure to respiratory sensitising agents. † Dichotomous outcomes ('COPD'): most studies in this field have used a categorical outcome ('COPD') which has the advantage of more readily providing an index of risk that can be useful in considerations of disease prevention. It sacrifices, however, information that is retained by a continuous measure (such as 'FEV 1 decline') and, in prospective studies, restricts analysis to those without prevalent COPD at baseline. Both these may result in a loss of sensitivity. † Confusion with other respiratory diseases: a related source of error is the possibility of confusion between COPD and other types of airflow limitation, notably asthma in which breathlessness is also a cardinal feature. This can be alleviated by the use of post-bronchodilator measurements of spirometry or by analyses that exclude participants with a prior history of asthma. Few studies have used or had access to the former 53, 54 but those that have employed the latter strategy (eg 47) have generally found little difference from analyses of the full population.
Studies of exposure to VGDF
Studies that have examined self-reported or expert assessment of exposure to VGDF in the workplace form the bulk of the literature on occupational COPD in general populations. This issue is important because such exposures have traditionally been considered 'nuisance' only and regulated correspondingly. The discovery that they play, rather, a causal role in an important disease would have profound implications for the control of workplace risks.
For the reasons outlined earlier, this discussion is limited to studies that have included an objective, spirometric measure of COPD. Table 2 summarizes the findings from 10 such studies that relied, in whole or in part, on self-reported exposures to VGDF. The first striking feature is the high frequency of exposure, the main determinant of the high PARs that accompany most reports. In these studies of general populations, some 50% reported exposure at some point to workplace VGDF; it seems likely that, both quantitatively and qualitatively, such 'exposure' will represent different experiences for workers from different eras. The resultant risk estimates are based on the comparison with the remainder who reported no exposure to VGDF, after variable adjustment for some confounding exposures. In all but one instance 55 the resulting, adjusted odds ratios are ,2.0 and few are statistically significant. In one study, 46 while no significant association between occupational exposure to dusts or chemicals was found for the dichotomous outcome of incident COPD, there was a relationship with a continuous measure of FEV 1 decline. The lack of any information on unadjusted estimates in all but one study 56 makes any consideration of residual confounding-for example by incomplete adjustment for smokingimpossible; and the limited information on whether the effects of VGDF exposure are modified by smoking seems inconsistent.
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British Medical Bulletin 2012;104 Table 3 summarizes information from studies of spirometry that have used an expert or JEM-based assessment of VGDF exposure; most are the same studies as those listed in Table 2 . The use of the ALOHA JEM allowed for the separate examination of exposures to biological or mineral dusts, an opportunity taken in three studies. In almost all cases none of the risk estimates was statistically significant, an exception being that relating to biological dust exposures in an Australian population, a risk that appeared to be confined to women 57 which was not, however, confirmed in a subsequent, longitudinal study of a Swiss population. 47 This last, of the SAPALDIA cohort, reported significantly raised incident risk estimates for most exposure categories although the associations were dependent on the definition used for COPD, being less consistent where this was measured in relation to the LLN. The positive associations in this study were restricted to men and to those aged .40 years at baseline, the most common exposed occupational category being agricultural although very few participants were employed in this sector.
The third set of studies (Table 4 ) are the few where exposure was defined by work in one or more of a group of occupations considered by the authors to be of high risk. In the earliest, 58 the risk estimates among non-smokers were ,1.0 but in each of the others the reported adjusted odds ratios were .1.0, notably so in one of the few studies of a UK population. 43 Assigning a causal explanation to any of these associations is made more difficult by the general lack of any reported information on even the qualitative relationship between exposure and response. The use of the ALOHA JEM permits such an assessment and has been used so in four studies (Table 5) where exposure concentrations have been variously expressed by estimated intensity or duration or by a combination of the two. With the exception of the prospective study of Mehta et al. 47 in which a cumulative exposure index was used, the results are inconsistent even across just two concentration categories. In some contrast, Jaen et al. in a study of post-bronchodilator spirometry of Spanish adults reported a greater reduction in both FEV 1 and FEV 1 / FVC ratio in those with 15 years or more of self-reported exposure to workplace irritants. 54 Similarly, Weinmann et al. reported effect estimates that were greater for 'high' than 'low' exposures in most of several exposure categories, although these included exposures to respiratory sensitizing agents (more relevant in the study of occupational asthma) and none of the differences was statistically significant. 59 Moreover, they failed to find any relationship between risk and duration of exposure. Studies that report increased risks of work with VGDF raise an important mechanistic question; is it the case that work with sufficiently high concentrations of any respirable material is capable of inducing airflow obstruction, or do the findings of such studies reflect risks in only specific, but usually unspecified, occupations that entail exposure to particular respiratory toxins? The toxicological literature here, in relation to COPD rather than pneumoconiosis or lung cancer, is sparse and, naturally, limited largely to in vitro and animal experiments. Crystalline silica, coal mine dust and the several constituents of welding fume are pro-inflammatory and their repeated inhalation could plausibly lead to airway epithelial damage 60, 61 while cadmium fume is used directly to induce emphysema in animal models of the disease. Airway disease in agricultural and textile workers is often attributed to the inflammatory effects of inhaled endotoxin suggesting perhaps a more generic effect that might be applicable more widely to those who work with 'biological' dusts. Finally, brief but very intense exposures to a wide variety of respiratory 'irritants' that include gases and fumes are known to cause airflow obstruction that is relatively resistant to treatment; 62 a similar effect may follow longer exposures at lower intensities, such as is claimed for those who use domestic biomass fuels. Occupation and chronic obstructive pulmonary disease (COPD)
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Conclusions
There seems little doubt that certain occupations enhance the risk of COPD and may do so independently of or in concert with cigarette smoking; the evidence is most coherent for coal mining and work that entails exposure to silica, cotton dust or cadmium fume. For other occupations the evidence is less conclusive but warrants further study, particularly perhaps for those that entail exposure to welding fume, agricultural dusts and diesel fume where globally there are very large numbers of exposed workers. These studies will need to encompass careful measurement of (fixed) airflow limitation within exposed populations, preferably in a longitudinal fashion, with detailed attention to potentially confounding exposures including-but not limited tosmoking. These undertakings will be neither easy nor cheap; and it is probable that most will be appropriately undertaken in low-income parts of the world where exposures are likely to remain common and require greater regulation. The evidence for more generic workplace exposures to 'nuisance' dusts and the like is less convincing and it remains unclear whether the reported associations, which are weak albeit widely distributed, are truly causal or reflective of one or more confounding explanations. To be illuminating, further population-based study in this area would benefit from more refined measures of relevant exposures, detailed examination of exposure-response relationship and, even, an approach to 'COPD' that extends beyond arbitrary categorizations of abnormality.
